Neem (Azadirachta indica A. Juss.), an evergreen tree of the Meliaceae family, is known for its 18 medicinal, cosmetic, pesticidal and insecticidal properties. We had previously sequenced and 19 published the draft genome of the plant, using mainly short read sequencing data. In this report, we 20 present an improved genome assembly generated using additional short reads from Illumina and 21 long reads from Pacific Biosciences SMRT sequencer. We assembled short reads and error-22 corrected long reads using Platanus, an assembler designed to perform well for heterozygous 23 genomes. The updated genome assembly (v2.0) yielded 3-and 3.5-fold increase in N50 and N75, 24 respectively; 2.6-fold decrease in the total number of scaffolds; 1.25-fold increase in the number of 25 valid transcriptome alignments; 13.4-fold less mis-assembly and 1.85-fold increase in the 26 percentage repeat, over the earlier assembly (v1.0). The current assembly also maps better to the 27 genes known to be involved in the terpenoid biosynthesis pathway. Together, the data represents an 28 improved assembly of the A. indica genome.
Introduction 34
High-throughput sequencing platforms, especially those based on short-read technology, have 35 enabled sequencing of many plant genomes (Michael and Jackson, 2013) . This has substantially 36 improved our understanding of genome organization, evolution and complexity in different plant 37 species. However, most first generation genome assemblies are draft and incomplete assemblies. 38 The correctness and accuracy of genome assembly depends on the length of the sequencing reads, 39 errors generated during sequencing and the accuracy of the computational tools (assemblers and 40 downstream annotation pipelines) used. Additionally, most genome assemblers are not suitable to 41 assemble genomes of heterozygous plants, a characteristic feature of most plants in the wild current (v2.0) genome assemblies based on their mappability to this transcriptome. We also 69 performed gene prediction analyses with GlimmerHMM (Majoros, Pertea, et al., 2004, v3.0.4) 70 using updated training-sets from Citrus species, which were found to be evolutionarily closer to 71 neem by our earlier phylogenetic analyses (Krishnan, Pattnaik, et al., 2012) . Building on our draft 72 assembly, here, we present data on different assembly parameters, accuracy, gaps, gene predictions 73 and the total repeat content as evidence towards an improved neem genome assembly. In addition to the Illumina read libraries used for assembling the previously published draft 78 neem genome (Krishnan, Pattnaik et al. 2012) , four more libraries were used for updating the 79 assembly. We included reads from three Illumina mate-pair (with insert sizes 4kb, 6kb and 10kb) 80 and one PacBio (average read length >2kb, varying up to 17.64kb) libraries. Details of all libraries 81 used are presented in Supplementary Table 1.   82   83 We pre-processed all the libraries as follows. In the case of Illumina libraries, exact read 84 duplicates were removed using the 'in silico normalization' utility from Trinity. For PacBio, reads 85 were error-corrected using LoRDEC v0.4.1 based on the two paired-end Illumina libraries 86 ( Supplementary Table 1 ). K-mers ranging from 19 to 36 were tested for error-correction. 87 88 We made an effort to assemble intact PacBio reads following error-correction using the 89 PacBioToCA (Koren, Schatz, et al., 2012) pipeline and Celera WGS assembler v7.1 (Myers, Sutton, 90 et al., 2000) . However, this process was CPU-and RAM-intensive, and also resulted in a sub-91 optimal assembly (data not shown). We, therefore, converted the PacBio reads, with and without 92 error-correction, into Illumina-like paired-end reads (read lengths of 100 bases and average insert 93 size of 350 bases) using SInC's read generator (Pattnaik, Gupta, et al., 2014) , which could be easily assembled using SOAPdenovo, SOAPdenovo2 (Luo, Liu, et al., 2012) Identification of FDFT1 and SQLE gene structures across assemblies 147 We obtained the transcript sequences corresponding to FDFT1 and SQLE genes in C. 148 clementina from KEGG (Kanehisa and Goto, 2000; Kanehisa, Goto, et al. 2014) , and created a 149 database of these sequences using the makeblastdb utility in the BLAST package v2.2.29 (Altschul, 150 Gish, et al. 1990 ). These genes belong to the sesqui-and tri-terpenoid biosynthesis pathways, 151 involved in the synthesis of the commercially important compound, azadirachtin, and hence were 152 chosen for comparative analyses here. The neem transcriptome was mapped against the database 153 using BLAST with an Expect (E) value threshold of 0.001. The mapped neem transcripts were 154 traced to their PASA alignments in various genome assemblies. In cases where the identified 155 transcripts for the same reference gene aligned to multiple neem scaffolds, consensus exon-intron 156 structures were inferred individually for each scaffold, and the one agreeing best with the C. The first measure strictly quantifies the completeness of the assembly, while the middle one 174 mainly quantifies the correctness of the assembly, and its completeness to the extent that the draft 175 transcriptome is complete, and the last measure quantifies the completeness of the assembly, but 176 also its correctness, with the assumption that the genes and gene structures in the organisms used as 177 a training-sets are present, as is, in the neem genome. Detailed metrics from all the benchmarking 178 tools are provided in Supplementary Table 2 . However, other important quality metrics were compromised for this assembly. N50 and N75 were 189 highest for Platanus assembly using all Illumina-only reads (P; 4,002,232 and 1,489,583 bases, 190 respectively). The v2.0 assembly revealed a 13.4-fold reduction in gaps over the v1.0 assembly (an 191 average of 5414.21 Ns per 100kb, Figure 1A ) and a 2.26-fold lowered NG50. Incidentally, the 192 NG50 for the Platanus assembly using Illumina-only reads (P; 1,587,838 bases) was comparable to 193 that using SOAPdenovo (v1.0; 1,663,167 bases). Almost 60% of each assembly was covered at 5X 194 when PacBio reads were assembled, along with Illumina read libraries, using SOAPdenovo2 or 195 Platanus ( Supplementary Table 2 ). 196 Comparison of transcriptome-to-genome alignment metrics 197 The numbers and cumulative lengths of all valid alignments and PASA assemblies were highest at 77,635 and 61,292, ~100Mb and ~99Mb, respectively, for the v2.0 assembly (Supplementary   199   Table 2 ). The cumulative size of valid exonic alignments was also highest at ~48Mb for this 200 assembly, and the corresponding numbers and lengths of all failed alignments were least at 6,584 201 and ~32Mb, respectively (Supplementary Table 2 ). The overall valid alignments increased 1.25-202 fold, and the ones in exons increased by 1.95-fold for the updated (v2.0) assembly over the old one 203 (v1.0) ( Figure 1B ). Failed alignments went down by 3.5-and 5.9-fold in number and cumulative 204 size, respectively ( Figure 1B ). We found an abundance of smaller (< 100 bases) mRNAs and exons in gene predictions in the 217 v1.0 assembly, especially with Citrus training-sets, which were substantially reduced in the v2.0 218 assembly ( Figure 3 ). In contrast, the longer mRNAs were more abundant in the latter assembly, 219 with Citrus training-sets, an indication of improvement in the assembly. In order to demonstrate the biological significance of the improved assembly, we used FDFT1 223 and SQLE genes, two important genes involved in the sesqui-and tri-terpenoid biosynthesis pathways. We observed that the gene structures of FDFT1 and SQLE were more complete and The non-redundant repeat content was estimated to be 54,375,206 bases (24.15% of v2.0), 233 which is higher than the 47,427,034 bases reported earlier (13.03% of v1.0). We further classified 234 the repeats into distinct classes, as shown in Supplementary Table 3 . In our study, we employed PASA and GlimmerHMM to benchmark the assemblies, both of 247 which have their limitations in the current context. PASA assumes that the transcriptome is free of 248 mis-assembly errors. The caveat with GlimmerHMM, is that the gaps and errors in the genomic 249 assembly extends to the predictions (Figure 2 ). We found that the number of gene predictions decreased across assemblies, post-redundancy removal using cd- HIT-EST (Li and Godzik, 2006) . 251 Additionally, the gene predictions are only as good as the training-sets used. Presence of a large 252 number of very short, possibly spurious, exons in the C. clementina training-set manifested in a 253 large number of similar predictions in the neem assembly ( Figure 3 ). However, as expected, either 254 these did not align to the neem transcriptome, or a large fraction of those that aligned did not meet 255 the validity criteria set by PASA, suggesting incorrect predictions. This implied a larger number of 256 gene predictions not to be an indicator of correct or complete assembly in neem. Instead, integration 257 of results from multiple tools, preferably using additional information from orthogonal high-258 throughput platforms such as RNA-seq, and experimental validation, offered better benchmarking.
260
The presence of duplicate reads may give false assurance to the assembler in terms of 261 artificially inflated read depth. Hence, removing exact read duplicates reduces mis-assemblies. 262 Interestingly, we found that the assembly with SOAPdenovo2, after duplicate removal (S2), 263 displayed worse statistics, but much improved transcriptome-genome mappings using PASA 264 ( Supplementary Table 2 ). SOAPdenovo, using fewer Illumina libraries, and without a duplicate 265 removal step (v1.0), also displayed sub-optimal assembly statistics but a good NG50 number 266 ( Figure 1 ). This, most likely, is due to an abundance of gaps in the assembly, inflating the assembly 267 size. Incidentally, the NG50 numbers for assemblies using libraries from the same platform were 268 comparable ( Supplementary Table 2 ). Such observations caution against deriving conclusions 269 regarding best assembly based solely on assembly statistics tools, such as QUAST. making us falsely deduce that we had assembled only certain exons from these genes. This would 278 particularly be true for structurally conserved genes, which have few very important, and, therefore, 279 conserved domains. In such genes, variable domains might not have significant sequence homology 280 to the reference database(s) that include sequences from other species, causing the genes to not be 281 annotated in their entirety. Therefore, our approach, of using the sequence similarity between C. 282 clementina and neem transcripts to trace back the entire gene sequence, structure and combining 283 both reference-and de novo-based identification techniques, is a better one (Figure 4 ). 
